A step-zoom and reimaging structure were utilized to construct a dual field-of-view optical design for high-magnification switching in the 3-5 μm spectral band. The design has a flexible optomechanical layout, which means it can be utilized for multipurpose applications. The effects of the surrounding environmental temperature and axial gradient temperature are analyzed using the concept of thermal resistance, and the thermal compensation is discussed. A description of the zooming mechanism and optomechanical control is offered.
Introduction
The applications of infrared dual field-of-view (DFOV) optical systems have been widely discussed [1] [2] [3] [4] [5] for both the midwave infrared (MWIR) spectrum (3-5 μm) and longwave infrared spectrum (8-12 μm) . These optical systems utilize the wide-angle field of view (WFOV) to search the scenery and the narrow angle (NFOV) mode to identify the target of interest close up. The algorithm for assessing a surveillance image is derived from the Johnson criteria [6] and then used to deduce the target being detected, recognized, or identified [7] . Variations in the characteristic size of a particular object, and the distance from the sensor to the target plane, both result in the different magnification ratio requirements obtained by the computation of the Johnson criteria. Previously, the Delano diagram has been used to aid in the design of zoom lenses [8] , composed using the height of the paraxial marginal and chief rays as the longitudinal and transverse coordinates, respectively. The paraxial analysis of mechanically compensated zoom lenses can be expressed in terms of Gaussian brackets [9, 10] . The focus of the zoom lens can be solved by describing the relationships among focal length, lens position, ray height, and direction in relation to the matrix. The zoom process can be expressed by a unified varifocal differential equation with a stable image plane being the constraint condition [11] . Thermal imaging systems for target-tracking purposes, such as rocket and missile launching applications, require WFOV systems for monitoring and NFOV systems for identification. DFOV infrared optical systems should have FOV switching without target loss. They can be classified as a subset of continuous-zoom structures that utilize only axial steps to move lenses between two extreme magnifications. A nonaxial moving DFOV variant, called the rotating-in scheme, was developed by combining reverse-telephoto and telephoto structures with/without two separate lens groups controlled by a rotation mechanism. This is distinct from the step-zoom scheme [12] .
Most infrared semiconductor detectors are cryogenically cooled and assembled in a thermally insulated Dewar flask. This is necessary to achieve the maximum signal-to-noise ratio and avoid anomalous images. A special baffle, called a cold stop, located inside the Dewar flask, causes the light cone to strike the focal plane array (FPA), and the FPA records the objective space energy exclusively. It has been determined that 100% cold-stop efficiency is required [13] . This can be accomplished by the aperture stop and cold stop coinciding. The optical system is still operational if the effective focal length (EFL) is small. However, to identify or classify a distant but small target, a longer EFL is essential. The layout of the aperture stop inside the Dewar flask will make the diameter of the front end of the lens larger than the entrance pupil, because of the off-axis light cone accommodation. The only way to shrink the aperture size of the front end of the lens while maintaining 100% cold-stop efficiency and offering a longer EFL is through reimaging. The extra relay lens creates an image of the aperture stop located on the front end lens that is equal in diameter to the entrance pupil. The reimage element is the primary objective, followed by the intermediate focal plane, relay lens, cold/aperture stop, and FPA.
Stray light caused by double reflection in the visible lens can create ghost images, especially in a scene with a signal difference source against a dark background. A high transmission rate of antireflection coating in the IR spectrum is harder than in the visible one; hence, an IR system is more vulnerable to double-reflection stray light. Besides, the cryogenically cooled detector acts as a strong light in a dark scene because of its low temperature compared with the warmer surroundings of the lens barrel or the observed target. Therefore, an infrared FPA may reflect a single reflection of its own image. This is called the narcissus effect [14, 15] , and this retroreflected nonuniformity thermal image reduces the contrast of a dim object. In a scanning system, the narcissus effect is noticed as a retroreflected ghost image that moves on the focal plane as the scanning mirror rotates. The starring array system can negate the narcissus effect if the optical system meets the requirements of nonuniformity calibration, a constant surrounding temperature, and no lens movement. Otherwise, the narcissus effect is monitored by an optical design process.
Temperature change in the operating environment can result in variation of the physical properties of an optical assembly (i.e., lens thickness, air space, refractive index, structural dimensions) [16] . These effects can cause the system to lose focus or elements to become misaligned. Temperature gradients may cause tilting in the axial or radial directions, reversing the effects of homogenization on the materials and distorting the optical surface. The quality of the final image can become degraded as the adverse temperature effects increase. Most materials for infrared refractive lenses have high rates of index variation with temperature, which can result in rapid focus shifts. Degradation from thermal variations in an infrared system is an order of magnitude higher than in a visible system. The methodology and process for stabilizing the optical qualities by temperature compensation is called athermalization. Active athermalization is appropriate for quick responses to overcome rapid error inputs while operating in a thermally dynamic environment [17] . To facilitate athermalization, a motorized lens adjusts the position and thermal sensors measure the temperature difference. The lens and the sensor are controlled by a programmed micro processor.
An advantageous feature of the DFOV infrared optical system is the incorporation of motorized mechanical parts that allow it to travel quickly to compensate for the variation of the optical group over an exact distance. In other words, the optomechanical design can ensure the functioning of the optical design. The mechanical layout of the zoom system is adapted to meet overall system requirements. Innovations and inventions have led to the development of numerous patents. For example, two coaxial lens sleeves have been assembled together. With this type of device, the translation of optical elements is enabled by the relative rotation of the sleeves. The cam grooves provide a predetermined locus [18] . The barrel is made more compact and portable when not in operation by the movement of a thrust member back and forth in the optical-axis direction [19] . The diameter of the whole barrel can be reduced by replacing the coaxial sleeve layout with an off-axis cam attached to the lens rim [20] . The traditional cam groove located on the cylindrical surface is replaced by the plane surface [21] . The cam provides a reliable lens walkway but the mechanical manufacturing process is expansive and complex. Thus, the lens movement path can be controlled by a programmed motor utilizing a spur gear to drive the feed bar [22] . The optomechanical alignment must ensure that the line of sight (LOS) remains unaffected during the change in the FOV, especially for automatic target-tracking applications. The methods for LOS stabilization commonly used to counteract jitter introduced from the optical system platform and surroundings can be categorized in three types: software, platform, and steering [23] .
Lens System Scheme
A SELEX HgCdTe FPA sensor (F=4, 384 × 488 pixels and 20 μm square pixel size) was used in this study. The optical design offers a dual EFL of 20=250 mm. This specification can improve the broad scene while still giving high enough resolution for most infrared optical system requirements. This is a reimaging type system that allows for reduction of the lens aperture and for compact instrument space. To ensure image quality, we must strictly consider a better minimum resolvable temperature difference (MRTD). The polychromatic modulation transfer function (MTF) within the 3-5 μm spectrum approaches the diffraction limit beneath the Nyquist spatial frequency.
In a Gaussian design, a primary objective is implemented to generate the system optical power and to focus on the intermediate focal plane under infinite conjugate conditions. This is reimaged by a relay lens to the final focal plane (i.e., the cryogenic detector array). This layout must ensure that the system aperture stop coincides with the Dewar's cold stop for 100% cold-shading efficiency. The NFOV mode is required for the layout of the telephoto objective lens system. The unit power relay lens helps make for economical saving of the axial length. Adjustment of both the focal length of the telephoto objective system and the relay lens allows the entrance pupil to be located on the primary objective, which can minimize the primary lens diameter. Wandering of the pupil, caused by off-axis beam accommodation, can be eliminated [12, 13] . These calculations were carried out with a Gaussian imaging equation and paraxial yu ray tracing:
where u is the tangent value of the angle between the optical axis and the ray pencil; y is the contact height of the ray; t is the thickness of the air spacing; and ϕ is the optical power of the lens. The subscript symbol represents the optical surface number, and the superscript prime represents the ray after refraction. One component of the lenses composing the telephoto objective system is able to move to change the magnification and the other component to eliminate the focal shift. Consequently, we were able to construct a WFOV with a reverse-telephoto layout. This DFOV optical system was comprised of four sequential groups: the focusing group, variation group, compensation group, and relay group. The lens power of each group was positive, negative, positive, and positive, respectively [24] . The Gaussian arrangement is shown in Fig. 1 . The EFL of the optical system can be determined by the following equation:
where f system is the EFL of the optical system, and m relay is relay lens magnification. Theoretically, switching the EFL can be accomplished by movement of the varying and compensating groups.
Optimization of Image Quality
Many Gaussian solutions, including optical power and air space, can be found before aberrations and feasibility are taken into consideration. The reasonable initial arrangement of optical power and air space for each group and the yu ray-tracing data are listed in Table 1 . In NFOV mode, the first lens diameter is equal to the entrance pupil, and the wandering of the pupil is not existent. The material properties and shape factors of the lens are set accordingly. Silicon is used primarily for its high refractive index, which is advantageous with respect to aberration control. Germanium and silicon are applied to create an achromatic air-spaced doublet, because their Abbe numbers have great difference. The total monochromatic Seidel aberrations and lateral/axial chromatic aberrations in lenses were evaluated. This evaluation was conducted with the ZEMAX commercial software, after the variables, zoom positions, and system constraints were assigned. The weighting functions of the FOV were set equally at the on axis, 0.5, 0.707, 0.866, and at the full FOV. The MWIR spectra (3, 4, and 5 μm), were distributed as the same weighting functions. The location of the Dewar cold stop was defined by the system aperture. The layouts of the optical system and aperture/cold stop position are shown in Fig. 2 . All lenses are housed in one barrel exclusively, and the other elements (window, filter, stop, and FPA) are assembled as a radiometry detector unit. The requirements of optical manufacturing and mechanical assembly were translated into the program's merit function editor. The ZEMAX software utilized the damped least-square algorithm to minimize the merit function [25] :
where W is the weighting function; V is the current value; and T is the target value. The subscript symbol represents the operand item number. As a starting point for optimization, the rms spot radius is selected as a merit function. During the final stage of optimization, wavefront error was selected as system performance approached the diffraction limits. The ray fans are shown in Figs. 3(a) and 3 (b) . Backward ray tracing from the cryogenically cooled detector can determine the surface of the contributing retroreflection ghost. However, this procedure is time consuming and labor intensive. It is more efficient and of greater benefit to simultaneously design an optical lens to control the narcissus effect. The ratio of the detector area (A) multiplied by the average emissivity (ε) to the area of the ghost defines the narcissus intensity of a single surface, and this ratio is also named as cold return (CR ¼ εA=ðπ½4yniðF=#Þ 2 Þ, detail equation and figure referring [14] ). Summing all surface ratios, CR represents a system's narcissus. The product of three geometric optical parameters, yni, is proportional to the ghost area. Here, F/# is the numerical aperture, n is the refractive index, and i is the reflective marginal ray angle of the incidence surface. If the value of yni was larger, the intensity of the narcissus was lower.
A narcissus intensity for the whole detector area and ghost variations across every pixel can be efficiently controlled by constraining the absolute values of yni (Table 2 ) using an optical design program. However, these restrictions confined the development of the lens shape factor. This could be a problem for the required diffraction-limited performances. Therefore, a trade-off is needed. In addition, a lens with a high-efficiency antireflection thin film coating (the ghost strength depending on the residual reflection at the offending lens surface) and sharp edge spectrum bandpass filter inside the Dewar flask are helpful to relax this anomalous image.
Athermalization Analysis
The material properties and the characteristic configurations of optical elements and mechanical parts can change with variations in the surrounding temperature. A methodology must be developed to compensate for the optical system performance and to recover the degradation of the image quality. Most lenses are made of a brittle material, so the surface radius departs from the original design value. However, the major problem caused by temperature variation is the term for differentiating the refractive index with temperature (dn=dT). This is particularly true in an infrared system but less so in a visible system. Reference [17] lists the dn=dT of most visible optical materials as falling between 3 × 10 −6 =°C and 10 × 10 −6 =°C (such as BK7, dn=dT ¼ 3:6 × 10 −6 =°C), and that of infrared materials as between 30 × 10 −6 =°C and 400 × 10 −6 =°C (such as germanium, dn=dT ¼ 396 × 10 −6 =°C). Generally, the difference of dn=dT in infrared materials is an order of magnitude higher than in visible materials. Therefore, it is necessary to consider thermal compensation in infrared spectrum optical designs.
There are two distinct thermal compensation methodologies: passive and active. In most visible systems, as the temperature rises, the elongation of the barrel length is greater than the growth of the EFL. The simplest way to compensate for this is to choose a mechanical material that allows the thermal expansion of the barrel to be close to the optical thermal defocusing. This is considered passive compensation. Another passive technique is the bi-metal technique, used in both serial and reentrant layouts so that the thermal variation of the barrel matches the optics [26] . In infrared spectral imaging applications, thermal defocusing is almost larger than the barrel expansion allows. Therefore, appropriate metal selection is vital. However, passive compensation is only suitable for steady temperature states. In a thermally dynamic environment, a motorized compensation lens can be used to slightly displace the original position. Compensation is calculated with a specific algorithm, which can satisfy both steady and transient thermal states. This is called active compensation.
Most infrared optical system applications require higher target resolutions; therefore, a longer EFL is essential. The total length of the infrared optical assembly is obviously longer than that of most commercial visible systems, even those adopting the telephoto structure. The temperature difference between the optical system's front and bottom sides cannot be neglected in an infrared lens integrated into a gimbals pod or vehicle turret, where only the first lens surface is exposed to the outside environment. The axial temperature gradient must be taken into consideration in cases where the optical system suffers from variation in environmental temperature. Thermal effects not only arise from shifts in the soaking temperature, but also from the existence of the axial temperature gradient. One-dimensional thermal resistance analysis can be utilized [27] to evaluate axial temperature distribution:
where R is the thermal resistance, l is the characteristic length, A is the heat flux crossing area, k is the thermal conductivity, ΔT is the temperature difference, and H is the heat flux. The subscript symbol represents the item number of the thermal resistor. In this study, we employed a silicon (monocrystalline) alloy for the lens and a germanium (monocrystalline) and aluminum alloy (No. 6061) for the barrel. The thermal conductivities of these materials are shown in Table 3 (polycrystalline and the other aluminum alloy numbers will be different tabulated values). The thermal resistance diagram is shown in Fig. 4 . The axial heat flux is primarily conducted by the barrel parts because the thermal resistance of air is several orders higher than that of aluminum alloys, germanium, or silicon. The axial thermal expansion of the barrel can be determined by calculating the axial temperature distribution with the following equation:
where TðzÞ is the axial temperature distribution, T min and T max are the temperature gradients on both sides, L is the length of the barrel, and z is the coordinate for the axial direction. Moreover, each lens rim is mounted between the cell and the retainer. The air surrounding the lens provides better thermal insulation. Therefore, the lens radial temperature distribution is assumed to be uniform and equal to the cell's temperature. For the thermal setup, each lens surface radius, thickness, and index at a specific temperature can be calculated using ZEMAX's multiconfiguration function. Finally, these data are input to the optical software for ray tracing for the whole optical system. The performance of the optical system given the axial temperature gradient can be analyzed. In the present study, the reference temperature is always 20°C, and the other soaking temperature values are compared with this one. In the beginning, the MTF curves for the soaking temperature (0°C, 20°C, 40°C, and 60°C) are plotted in Figs. 5(a) and 5(b) . The off-axis curves smoothly degrade as temperature departs from 20°C, for the thermal variations of optical and mechanical materials are getting larger as the temperature changes. The on-axis MTF is discussed, because the optical axis is boresighted for aiming. There is little thermal effect to the on-axis MTF curves [Figs. 5(c) and 5(d)] even at higher frequency. This could be the paraxial results being affected slightly by the soaking temperature. The on-axis curve of 40°C seems a little bit higher than the others, for weighting functions of all FOVare the same during optimization. However, the tangential and sagittal curves spread out as the temperature ranges farther away from 20°C. The distortion and field curvature depending on FOV show insignificant changes at different soak temperatures.
The temperature gradient is defined by the temperature at the front side of the barrel minus the temperature at the bottom of the barrel. The lens barrel bottom side temperature is always 20°C [as Fig. 2(c) indicates, the window, filter, stop, and cryogenic FPA are evacuative as a stand-along unit, which is separated from the lens barrel by air space.). The MTF curves for axial gradient temperatures of −20°C, þ20°C, and þ40°C are shown in Figs. 6. Thermal degradation was manifest in both the NFOV mode and the WFOV mode, which was especially sensitive to the existence of the axial temperature gradient. The variations of distortion and field curvature depending on FOV are negligible as gradient temperature alterations.
As discussed above, this optical system is constituted of four groups, one of which is the compensating group, counterbalancing any defocus originating from variation group. Consequentially, the neutralization of thermal defocusing can be analyzed. The displacement of the compensating group can counteract the MTF degradation introduced by the axial temperature distribution, as shown in Figs. 7. These curves exhibit the athermalized benefit of the compensating group. Although efficient for the WFOV mode, the NFOV mode can still tolerate some residual unsolved thermal defocusing. Because of the chromatic aberration in the NFOV mode, the thermal defocus cannot be eliminated completely by the motion of the compensation group. The curves of onaxis polychromatic rms spot radius plotted against gradient temperature are shown in Fig. 8 . It can be seen that the polychromatic spot radii in the NFOV mode were larger than those in the WFOV mode. It indicates that the NFOV mode suffered temperature gradient effect more than the WFOV mode. During this EFL 20=250 DFOV application, the WFOV helps to search one object (assuming its image spatial frequency f image ), and the NFOV identifies the same object (image spatial frequency being f image divided by the zoom ratio, 12.5). This optical design can offer a better modulation at f image =12:5 in NFOV than that at f image in WFOV (cf. Fig. 7) , even suffering the adverse temperature changing effects. The chromatic aberration coming from thermally dependent index variation is residual somewhat. However, there are a limited number of lens materials that are used in MWIR spectral bands, and the common solution is a silicon-germanium air-spaced achromatic doublet. The image quality has been satisfied in most applications.
Optomechanical Control and Layout
The optomechanical actuation of the varying and compensating groups was planned utilizing two independent feed bars driven by programmed DC motors [28] . A microprocessor, encoder, and motor, making up a closed-loop feedback control system, were utilized to propel each moving lens group to the desired position. The proportional-integral-derivative (PID) algorithm (which is part of a fully developed and mature technology) acts as the controller's mathematical background. An RS232 interface and proper protocols play the communication role. The results show that the field of view can be switched as required.
Thermal sensors were attached to the front and bottom sides of the barrel [29] , so that the axial temperature gradient could be interpreted by the microprocessor. To counteract thermal defocus, the displacement of the compensation group was carried out according to the temperature distribution. And this procedure was arranged by the automatic control program stored in the memory of the microprocessor. Consequently, stand-alone athermalization was achieved.
The present design is intended for multipurpose applications. The optomechanical layout [30] [31] [32] can be straight, L, or U-shaped [Figs. 9(a) and 9(b)], given the electro-optical (EO) system's mounting requirements for portable finders, vehicle turrets, or gimbal pods. The folding mirror offers optical path turning ability but requires careful placement to avoid reimaging the mirror surface's defect to the FPA if it were placed right on the intermediate focal plane. The folding mirror provides an extra benefit for aligning the optical axis and barrel axis during assembly. It can also be steered to act as a line-ofsight stabilizer to counteract jitter arising from the EO system's platform or surrounding environment. A precision gyroscope, quick response actuator, and complex digital signal processing algorithm are needed to facilitate state-of-the-art performance.
Conclusion
A DFOV infrared optical design is described, and constructed of positive, negative, positive, and positive optical power groups. An intermediate focal plane is located between the first three groups and the final group. This type of reimaging can ensure that the entrance pupil matches a narrow field of view to produce a cold stop. The three previous groups execute the field-of-view switching function. Their EFL times the final group's magnification determines the EFL of the whole optical system: 20=250 mm. After optimization, the MTF approaches the diffraction limit.
Different soaking temperature and axial gradient temperature situations are analyzed. The concept of thermal resistance is employed to simplify the complex calculation. Uniform temperature changes do not lead to deterioration of optical performance when the elongation of the barrel and variation in thermal focus are similar. However, the axial temperature gradient results in a decline of quality of this optical system. To compensate for defocusing while zooming, thermal defocus is compensated for by a shift in the third optical group.
To activate motion of the desired optical group for EFL switching, the PID algorithm drives the motorized feed bar and the encoder feedback composes a closed loop control system. The microprocessor monitors axial temperature distribution based on the thermal sensor for execution of the compensating movement for athermalization. To ensure that this optical design can be applied for multipurposes, the optical path can be folded with an extra planar mirror. And the folding mirror can also benefit lens alignment and LOS stabilization.
